Human growth hormone (hGH) signal transduction initiates with a receptor dimerization in which one molecule binds to the receptor through sites 1 and 2. A sandwich enzyme-linked immunosorbent assay was developed for quantifying hGH molecules that present helix 4 from binding site 1. For this, horse anti-rhGH antibodies were eluted by an immunoaffinity column constituted by sepharoserhGH. These antibodies were purified through a second column with synthetic peptide correspondent to hGH helix 4, immobilized to sepharose, and used as capture antibodies. Those that did not recognize synthetic peptide were used as a marker antibody. The working range was of 1.95 to 31.25 ng/mL of hGH. The intra-assay coefficient of variation (CV) was between 4.53% and 6.33%, while the interassay CV was between 6.00% and 8.27%. The recovery range was between 96.0% to 103.8%. There was no cross-reactivity with human prolactin. These features show that our assay is an efficient method for the determination of hGH.
INTRODUCTION
Diagnosis of growth hormone deficiency (GHD) is usually based upon assessment of anthropometric parameters in patients who present reduced levels of growth hormone in response to a pharmacological test [1] .
Most of the commercially available immunoassays do not describe the precise epitope of human growth hormone (hGH) recognized by its primary antibodies, neither do they take into consideration the possibility of an assessment of the biological activity of the hGH isoforms. One single hGH molecule binds to two receptors through hGH binding sites 1 and 2 [2, 3] . To this date, only a few immunoassays have employed antibodies that recognize one of these sites. One of these assays, which has successfully employed an antibody that recognizes GH binding site 2, associated with binding of hGH binding protein (GHBP) to binding site 1, was estimated to reveal hGH biological activity, and it was proposed as an immunofunctional assay (IFA) [4] . According to the authors, their assay has revealed mutated GH isoforms with impaired biological activities, involving either a modification in hGH binding site 2 or a mutated hGH binding site 1 that is unable to bind to GHBP. This IFA and other bioassays [5, 6, 7, 8] were used to quantify GH bioactive isoforms that are absent in Kowarski syndrome [9] . The main features of this syndrome are the high plasma hGH levels, determined with immunoassays using polyclonal antibodies, low insulin-like growth factor-I (IGF-I) and IGF-binding protein-3 (IGFBP-3) concentrations, and a good response to recombinant human growth hormone (rhGH) in the first months of treatment [10] .
An IFA usually presents low immunoreactivity to mutant hGH isoforms, which, by contrast, may be in normal or high levels revealed by an assay that employs a primary polyclonal antibody. These assays have employed different markers. The immunoradiometric assay (IRMA) [11] , immunofluorometric assay (IFMA) [12] , and immunochemiluminometric assay (ICMA) [13] use radioisotope, fluorescent, or chemiluminescent compounds conjugated to the marker antibody, respectively. The authors of [11, 12, 13] have reported GH serum levels as low as 0.015, 0.02, and 0.005 ng/mL. This work was designed to develop a sensitive and specific horseradish peroxidase (HRPO) enzyme-linked immunosorbent assay (ELISA) for hGH determination. Several small sequences of amino acids form the binding site 1 domain [14] . In the present study, one of the synthetic peptides with 16 amino acids, which include a sequence of 6 residues required for hGH binding site 1 [15] , was the best peptide to purify a polyclonal antibody to hGH.
MATERIALS AND METHODS

Animal immunization
One adult female horse was immunized with rhGH (Genotropin, Pharmacia Diagnostics AB, Upsala, Sweden) through subcutaneous applications at 15-day interval. The emulsion for the first injection was prepared using 750 µg of rhGH dissolved in 2.5 mL of 0.05 M phosphate buffer saline pH 7.4 (PBS) and 2.5 mL of Freund's complete adjuvant. The remaining 7 applications were prepared using Freund's incomplete adjuvant.
Optimal animal immunization was indicated by high serum concentration of anti-rhGH employing two different protocols, immunodiffusion test and ELISA. Animal sera were obtained (1.5 L) and immunoglobulins were precipitated in a saturated ammonium sulfate solution.
Purification of anti-rhGH antibodies
Specific anti-rhGH antibodies were purified through immunoaffinity columns. One gram of cyanogen bromide-activated sepharose (CNBr-sepharose) was coupled to 21.5 mg of rhGH according to the manufacturer's instructions (Pharmacia). Conjugated sepharose-rhGH was packed into a 6.0 mL polystyrene column, washed and filled with PBS and 0.05% sodium azide, and maintained at 4
• C. Aliquots of horse immunoglobulins dissolved in PBS circulated through the column at a flow rate of 20 mL/h overnight at 4
• C. Afterwards, the column was washed with PBS until the absorbance (280 nm) of the eluted solution had returned to baseline. Recovery of the immunoglobulins bound to the sepharose-rhGH column was performed washing the column with 0.1 M glycineHCl 0.15 M NaCl, pH 5.0, until an immunoglobulin peak had been obtained. Finally, the column was washed with PBS until the absorbance returned to baseline. Solution containing anti-rhGH antibodies was dialyzed overnight at 4
• C in PBS.
Antibodies anti-helix 4 of hGH
A number of peptides were generously provided by the Peptide Laboratory from UNIFESP (São Paulo, SP). The technique used by this laboratory was reported by Kates and Albericio [16] . We have prepared several immunoaffinity columns using several synthetic peptides designed according to the sequences found in helix 4 and other parts of hGH, but only one was appropriate for anti-rhGH purification. The selected peptide extends from amino acid residue 166 to 181 and does not include disulfide bridges, but encompasses 6 residues (Asp171, Lys172, Thr175, Phe176, Arg178, and Ile179) that are important for the binding of hGH to the human GH receptor (hGHR) [15] and 12 residues different from the respective portion of human prolactin [17] .
Each synthetic peptide (20 mg) was immobilized to 1.0 g of CNBr-sepharose according to the manufacturer's instructions (Pharmacia). Sepharose-helix 4 peptide was packed into a 6.0 mL polystyrene column, washed and filled with PBS and 0.05% sodium azide. This column was maintained at 4
• C. Aliquots with purified anti-rhGH antibodies circulated through the sepharose-helix 4 peptide column (or through other columns prepared with other peptides) at a flow rate of 20 mL/h. Unbound anti-rhGH antibodies that did not recognize the helix 4 peptide were eluted and separated to be conjugated with HRPO (later used as second anti-hGH antibody). The column was washed with PBS until the absorbance (280 nm) of the eluate returned to baseline. Samples of eluted anti-rhGH were dialysed overnight at 4
• C in PBS. To collect anti-helix 4 peptide antibodies, the column pH was reduced with 0.1 M glycineHCl 0.15 M NaCl, pH 5.0, and the eluted solution was after a while dialysed at 4
• C in PBS, overnight. Finally, the immunoaffinity column was washed with PBS until the absorbance of the eluted solution returned to baseline.
Preparation of anti-rhGH antibodies for ELISA
Anti-rhGH antibodies that did not recognize the helix 4 peptide, eluted from the affinity column, were conjugated to HRPO according to the procedure reported by Nakane and Kawaoi [18] .
A 96-well Nunc MaxiSorp plate (Nalge Nunc International, Roskilde, Denmark) was coated overnight at 4
• C with 100 µL of a 10 µg/mL solution of anti-helix 4 antibodies in 0.05 M carbonate buffer, pH 9.6. Afterwards, the wells were washed with wash buffer (0.05% Tween 20 in saline). Each well was filled with 120 µL of blocking buffer (2% casein in PBS) and the plate was incubated for 1 hour at 37
• C. After washing, serial dilution of rhGH (125 ng/mL to 0.98 ng/mL) in dilution buffer (0.25% casein, 0.05% Tween 20, PBS) was added to the wells starting from the first row. After incubating the plate for 1 hour at 37
• C, it was washed and anti-rhGH HRPO conjugated in dilution buffer was added to the wells with final dilutions of 1 : 250, 1 : 500, 1 : 1000, 1 : 2000, 1 : 4000, and 1 : 8000, starting from the first column (left to right). After incubation for 1 hour at 37
• C, the solution was removed and the wells were washed at least six times and 100 µL of an orthophenilenediamine solution (0.33 mg/mL in 0.5 M citrate buffer, pH 5.2, and 0.4% hydrogen peroxide) were added to each well. After 15 minutes at room temperature, protected from light, the enzymatic reaction was stopped through the addition of 20 µL of 2 M sulfuric acid. The absorbance (492 nm) was measured using a Bio-Tek EL X 800 reader.
Samples
This study was approved by the Ethics Committee from the Hospital of Clinics from the Federal University of Parana, and serum samples from 73 boys (10.9 ± 3.0 years) and 36 girls (10.1 ± 3.2 years) were collected after obtaining written consent from their parents. The patients were submitted to the GH test (GH released after clonidine application) according to the established protocol for growth retardation at the Division of Pediatric Endocrinology of Hospital of Clinics. Time course of sample collection for each patient: baseline (before clonidine), 60, 90, and 120 minutes after clonidine administration.
Sandwich ELISA was used to quantify hGH from these patients. The absorbance values from each serum were plotted against the standard curve obtained with rhGH and the results were compared with the previously known hGH measurements from IRMA (MaiaClone, Biodata Diagnostics, Rome, Italy).
RESULTS
Production, purification, and titration of antibodies
Serum from rhGH-immunized horse was tested by immunodiffusion in the presence of rhGH 1 mg/mL and the results were positive up to 1 : 4 dilutions. After treating the animal with one extra injection of rhGH, serum titres were reanalyzed by ELISA two weeks later, when adequate immunization was revealed by titres of 1 : 256000.
After ammonium sulfate precipitation and dialysis of whole immunoglobulins, these polyclonal antibodies were purified by sepharose-rhGH column and the final concentration was 1.6 mg/mL. Anti-rhGH antibodies were eluted through a second column with helix 4 peptide immobilized to sepharose. After dehydration the antibodies final concentration was 0.948 mg/mL. This antibody was used to capture hGH and rhGH. The antibodies that did not recognize helix 4 peptide were conjugated to HRPO and the best dilution used in all ELISAs was 1 : 1000.
Sandwich ELISA
The rhGH saturation curve was constructed with the absorbance data obtained using fresh dilutions of rhGH (Genotropin, Pharmacia) preparations (Figure 1) . The results were obtained through absorbance plot against rhGH concentration. There were no differences between plates that were coated just before use and those that were frozen until up to six weeks before the assay. The working range was at 1.95 ng/mL to 31.5 ng/mL and the limit of detection tested (0.12 ng/mL) was statistically different from the blank (P = .024).
Intra-assay precision control was assessed by measuring 4 groups of sera pools corresponding to time points basal (B), 60, 90, and 120 minutes. Each pool was measured 16 times in the same plate. The interassay coefficient was obtained by analyzing each of the 4 time points in the 17 different assays ( Table 1) .
The accuracy was evaluated by analytical recovery in which a known rhGH concentration (6.54 ng/mL) was added to 4 patient samples ranging from 2.76 to 14.08 ng/mL. The measured values were within 96.02% and 103.82% (Table 2) .
The linearity of this sandwich ELISA was estimated through the quantification of 4 serum samples (B, 60, 90, and 120 minutes) from a single patient with known hGH concentrations that were diluted with ewe serum (ewe GH is not recognized by anti-rhGH antibody). Serum concentration with less than 3 ng/mL lost linearity. Human prolactin (hPRL) has several similarities with hGH such as structure and function [19] , however, helix 4 peptide has only 4 amino acids in common with hPRL. There was no cross-reactivity between hPRL from SigmaAldrich, (St Louis, Mo) (3.9 to 500 ng/mL) or hPRL from Abbott calibrator, (Abbott Park, Ill) (1.56 to 200 ng/mL) ( Figure 2 ).
Comparison with IRMA and ICMA
The measured sera hGH from 109 patients were obtained using the present assay and then compared with the results from an IRMA (MaiaClone, Biodata Diagnostics). Although the hGH concentrations obtained for both types of assays, for each of the 4 time points of the clonidine test, were highly correlated (r-values ranging from 0.92 to 0.98), samples from 24 patients were significantly different between these 2 assays. In order to clarify the differences between IRMA and our sandwich ELISA for these 24 patients, their sera were quantified by a commercial ICMA (Immulite 2000, Diagnostic Products Corporation, Los Angeles, Calif). The results revealed by ICMA did not clarify the discrepancies found between sandwich ELISA and IRMA (Table 3) .
Despite the differences among these 3 assays, the correlation (r) ranged from 0.93 (between ELISA and ICMA) to 0.89 (between ICMA and IRMA). Those patients (3/109, 2.7%, 2 boys and 1 girl) with growth retardation, who had normal or high hGH levels revealed by IRMA and low levels with ELISA, are being further investigated for possible hGH gene mutations. (Table 3) , who have presented growth retardation and low levels of hGH measured by ELISA, are presently being investigated for possible mutation in the hGH gene. One of these patients presented low levels of insulin growth factor 1, which were normalized after an rhGH test.
DISCUSSION
Our study proposes a protocol for production of polyclonal antibodies with monoclonal antibodies characteristics, in which small synthetic peptides are selected for purification without participating in the animal immunization process. In addition, this approach provides much higher amounts of animal immunoglobulins than that obtained through the use of hybridoma.
One of the landmarks in the design of hormone immunoassays is the specificity of the antibody for the selected epitope. When such an epitope plays an important role in binding to the hormone receptor, the assay may be used to estimate immunoreactivity and bioactivity. Subtle changes in a small epitope caused by point mutations should be able to prevent its recognition by this antibody. Usually, the immunoreactivity is measured without presenting any evidence whether the peptide is biologically active or not [20] .
The need for a bioactive assay has been proposed by Strasburger [21] . de Vos et al [3] have reported on the importance of binding sites 1 and 2 of hGH molecule to dimerization of hGHR; other studies have shown consequences of mutations in these sites [10] characterized by Kowarski's syndrome [9] . Rowlinson et al [22] have reported three site 1 mutants, which had decreased bioactivity mainly when the center of helix 4 was involved.
In the present study, we have described a sandwich ELISA for the determination of hGH levels in which horse polyclonal antibodies anti-rhGH was produced, conjugated to HRPO or further purified using immunoaffinity chromatography. The main feature of this ELISA is the use of an antibody against helix 4, a region that contributes to binding site 1 of hGH. From horse serum with high antibodies titres (1 : 256000) we isolated antibodies that recognize this portion of binding site 1. For this purpose, a synthetic peptide (AA 166-181), corresponding to a portion of helix 4, was immobilized to the affinity column. The horse antibodies fraction that recognizes helix 4 was purified and used as a capture antibody. The second antibody does not bind to the helix 4 epitope, which is a desirable feature to prevent competition for the same epitope of the capture antibody. This marker antibody, conjugated to HRPO according to Nakane and Kawaoi [18] , was used at a 1 : 1000 dilution following assay standardization.
We noticed that with hGH concentration between 3.3 and 11 ng/mL there was a linearity close to 100% and the accuracy had values above 0.98 ng/mL. The reproducibility was assessed through intra-and interassay variation coefficients ranging from 4.53% to 6.33% and from 6.0% to 8.27%, respectively. The analytical recovery ranging from 96.02% to 103.82% demonstrated acceptable values to conventional assays.
Site 1 of hGH and hPRL presents 12 different residues [17] , which may be the reason why our assay did not cross-react with hPRL. We used concentrations of hPRL up to 500 ng/mL and no cross-reactivity was observed. This had to be documented because some children or adult patients under stress conditions have high levels of serum hPRL. In addition, some pituitary adenomas may produce both hormones, and a distinction between hGH and hPRL levels is then necessary.
After standardization of sandwich ELISA, we quantified 436 samples from 109 children (4 samples/child) who were submitted to a pharmacological test of clonidine and had hGH levels determined by IRMA. The obtained results were compared to those obtained with our sandwich ELISA. Despite the high correlation (r-values ranging from 0.92 to 0.98), 24 patients had, between these two assays, different hGH concentrations. These divergences required further tests in a commercial laboratory that employs automated ICMA. The correlation coefficients were positive, with r ranging from 0.93 (between ELISA and ICMA) to 0.89 (between ICMA and IRMA), but this analysis did not clarify the discrepancies found among these assays (Table 3) . Differences in the methodology and/or samples conditions may justify such differences. It is not surprising that assays with different protocols produce unequal results. These discrepancies are attributed to the calibrator [23] , to GHBP presence [24, 25] , and, mainly, to multiple isoforms of hGH and to the specificity of antibodies to several epitopes [21, 23, 25, 26] . Furthermore, in the circulation there are some disulfide dimers of hGH that are less bioactive [27] and several proteolytically degraded fragments without biological activity [28] , but they could exhibit immunoreactivity depending on the antibody [27] . A group of 3 patients (2.7%, 2 boys and 1 girl), both growing under the third percentile curve, had normal or high hGH levels based on IRMA and low levels using ELISA, which may suggest that these hGH isoforms could be mutant ones. Further studies using DNA sequencing analysis of the hGH gene are necessary to confirm this hypothesis.
While most assays were not designed to draw any conclusion about hGH bioactivity [5, 6, 7, 8] , one study was able to present a sophisticated immunofunctional assay [4] , but it is many times more expensive than the ELISA proposed in this study. This IFA uses a monoclonal antibody for receptor binding site 2 and biotin-labeled human recombinant GH-binding protein (GHBP). The reason for raising antibodies to sites 1 or 2 seems to be much more of a limitation in the methodology, for its sheer difficulty in their obtaining. In our approach only one of the antibodies tested anti-helix 4 was considered appropriate to be used as a capture antibody. We may predict, based on the observed similarity of the results obtained in 3 samples from 82 patients, and similar differences observed among ELISA, ICMA, and IRMA in 24 patients (Table 3) , that there must be more than one epitope in helix 4, probably also not involved in GHBP binding site. Site 2 is constituted by a small number of amino acids while the interface between hGH binding site 1 and the hGHR involves 31 amino acids [14] distributed among helices 1 and 4 and loop 1 [3] . A simple approach used to select the capture polyclonal antibodies was the most important feature in the technique used to develop this ELISA. To some extent, the smaller the size of the peptide used, the closer the purified antibodies from a monoclonal antibody will be. Obviously, this seems not to be the case in our present study because the 16-residue peptide is large enough to present a number of possible epitopes. Six amino acids in this region (Asp171, Lys172, Thr175, Phe176, Arg178, and Ile179) contribute to binding of hGH to the hGHR [15] . The other important residues involved in binding site 1 were not included, as intended, because the other affinity columns prepared with the peptides containing these residues were not able to recognize anti-rhGH polyclonal antibodies.
The immunoaffinity chromatography has become a standard technique in which primary amino groups from proteins are bound to gel matrices from agarose [29] . The purification method using a synthetic peptide is efficient for selection of a certain population of antibodies that are necessary for quantifying any protein whose epitope plays an important role in the protein function. We can conclude that this sandwich ELISA is an inexpensive and efficient method that can be easily adapted to the automated devices for confirmation of hGH deficiency.
